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INTRODUCTION
============

Genetic model organisms provide a number of powerful experimental advantages for defining the genes and genetic pathways involved in biological processes such as Ca^2+^ signaling. The nematode *Caenorhabditis elegans* is a particularly attractive model system ([@bib4]; [@bib46]). *C. elegans* is well suited for mutagenesis and forward genetic analysis and has a fully sequenced and well annotated genome. Gene expression in nematodes is relatively easy and economical to manipulate using RNA interference (RNAi), knockout, and transgenesis. Genomic sequence as well as many other biological data on this organism are assembled in readily accessible public databases and numerous reagents, including mutant worm strains and cosmid and YAC clones spanning the genome, are freely available through public resources.

*C. elegans* exhibits a number of relatively simple stereotyped behaviors that have formed the basis for powerful forward genetic screens. The defecation cycle is one such behavior. Defecation is an ultradian rhythm that occurs once every 45--50 s when nematodes are feeding and is mediated by sequential contraction of the posterior body wall muscles, anterior body wall muscles, and enteric muscles ([@bib23]). Posterior body wall muscle contraction (pBoc) appears to be controlled by nonneuronal mechanisms ([@bib34]; [@bib15]). Loss-of-function mutations in the inositol-1,4,5-trisphosphate receptor (IP~3~R) gene *itr-1* (also termed *dec-4*) slow or eliminate ([@bib22]; [@bib15]) the pBoc cycle, whereas overexpression of the gene increases pBoc frequency ([@bib15]). Oscillatory changes in intestinal epithelial cell Ca^2+^ levels track the defecation cycle with Ca^2+^ levels peaking just before the initiation of pBoc. Calcium oscillations are slowed or absent in animals with loss-of-function mutations in *itr-1* ([@bib15]). [@bib15] have suggested that IP~3~-dependent Ca^2+^ signals may control the secretion of a factor from the intestinal epithelium that regulates contraction of surrounding posterior body wall muscles.

The ability to combine physiological tools such as patch clamp analysis and Ca^2+^ imaging with behavioral assays and forward and reverse genetic screening provides a powerful approach for defining the molecular details of oscillatory Ca^2+^ signaling. However, physiological characterization of somatic cells in *C. elegans* is difficult due to the small size of the animal and the presence of a tough, pressurized cuticle that limits access. The recent development of primary cell culture methods ([@bib12]) circumvented this problem and has allowed detailed investigation of intestinal cell Ca^2+^ conductances ([@bib16]; [@bib17]).

While invaluable for electrophysiological studies, cultured worm intestinal cells do not exhibit spontaneous Ca^2+^ oscillations (unpublished data). To study oscillatory Ca^2+^ signaling events directly, we developed an isolated intestine preparation that allows physiological access to the intestinal epithelium. The focus of the current study was to validate the use of the intestine preparation and to begin characterizing the molecular mechanisms of oscillatory Ca^2+^ signaling. We show here that isolated intestines exhibit spontaneous, rhythmic Ca^2+^ oscillations that occur with the same frequency as pBoc. Calcium oscillations were only detected in the apical pole of the intestinal epithelium and occur as an intercellular Ca^2+^ wave that moves in the posterior to anterior direction. Physiological and genetic analyses demonstrate that wave velocity as well as the frequency and rhythmicity of the Ca^2+^ oscillations require the combined function of PLC γ and β homologues and the IP~3~R ITR-1. PLC-γ functions primarily to generate IP~3~ that regulates ITR-1 activity while PLC-β may function to control phosphatidylinositol 4,5-bisphosphate (PIP~2~) levels and/or G protein signaling events. The molecular and genetic tractability of *C. elegans* combined with the physiological accessibility of the isolated intestine preparation and cultured intestinal cells ([@bib16]; [@bib17]) provides a powerful new model system in which to develop an integrated genetic and molecular understanding of oscillatory Ca^2+^ signaling.

MATERIALS AND METHODS
=====================

*C. elegans* Culture and Strains
--------------------------------

Nematodes were cultured using standard methods ([@bib8]). Wild-type worms were the Bristol N2 strain. The following alleles were used: *itr-1*(*sa73*, *sy290, sy327*), *egl-8*(*n488*), *ipp-5*(*sy605*), *lfe-2*(*sy326*), *dgk-1*(*sy428*), *dgk-2*(*gk124*), *dgk-3*(*gk110*), *rde-1*(*ne219*), *plc-3*(*tm1340*), and *glo-1*(*zu391*). *itr-1*(*sa73*) is a temperature-sensitive allele. Worms harboring this mutation were grown at the permissive temperature of 16°C. Approximately 12 h before an experiment, growth temperature was increased to the restrictive temperature of 25°C. All other strains were grown at 25°C.

The *C. elegans* intestine contains numerous highly autofluorescent lysosomes or "granules." Where possible, Ca^2+^ imaging experiments were performed in *glo-1(zu391)* (gut granule loss) mutant animals. *glo-1* encodes a predicted Rab GTPase involved in lysosome biogenesis ([@bib20]). The number of gut granules and autofluorescence is greatly reduced in *glo-1* worms. The characteristics of the defecation cycle and intestinal Ca^2+^ oscillations and waves were not significantly different in *glo-1* versus wild-type N2 worms (not depicted).

Dissection and Fluorescence Imaging of Intestines
-------------------------------------------------

Intestines were isolated by placing worms in control saline (137 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 2 mM CaCl~2~, 10 mM HEPES, 5 mM glucose, 2 mM [l]{.smallcaps}-asparagine, 0.5 mM [l]{.smallcaps}-cysteine, 2 mM [l]{.smallcaps}-glutamine, 0.5 mM [l]{.smallcaps}-methionine, 1.6 mM [l]{.smallcaps}-tyrosine, 26 mM sucrose, pH 7.3, 340 mOsm) and cutting them behind the pharynx using a 26-gauge needle. The hydrostatic pressure in the worm spontaneously extruded the intestine, which remained attached to the rectum and the posterior end of the animal. Isolated intestines were transferred by pipette to a 35-mm Petri dish with a 14-mm microwell (MatTek Corp.). The bottom of the microwell was covered with a glass coverslip coated with Cell-Tak (BD Biosciences) and the chamber was mounted onto the stage of a Nikon TE2000 inverted microscope. Bath perfusion was performed using an RC-37 35-mm culture dish perfusion chamber insert (Warner Instrument Corp.).

Fluo-4 AM was dissolved in DMSO as a 5 mM stock. Intestines were incubated in the bath chamber for 5--15 min at room temperature in control bath saline containing 1 or 5 μM fluo-4 AM and 1% BSA. Imaging was performed at room temperature (21--22°C) using a Superfluor 20X/0.75 N.A. objective lens or a Superfluor 40X/1.3 N.A. oil objective lens, a Photometrics Cascade 512B cooled CCD camera (Roper Industries) and MetaFluor software (Universal Imaging Corporation). Fluo-4 was excited using a 490-500BP filter, and a 523-547BP filter was used to detect fluorescence emission. Changes in fluo-4 intensity were quantified using region-of-interest selection and MetaFluor software (Universal Imaging Corporation).

Calcium oscillation period, rise time (RT), and fall time (FT) were quantified as described by Prakash et al. ([@bib42]). Oscillation period is the time between Ca^2+^ spikes. Rise time is defined as the time to peak fluo-4 fluorescence change after intracellular Ca^2+^ begins to rise above baseline. Fall time is the time it takes for the peak Ca^2+^ levels to return to baseline.

Fluorescence images were typically acquired once every 10 s to avoid photobleaching and damage to the intestinal epithelium. However, when Ca^2+^ wave velocity and Ca^2+^ spike rise and fall times were quantified, images were acquired once every second over two to three oscillations. The rhythmicity of Ca^2+^ oscillations in individual intestines was assessed by calculating the coefficient of variance (CV), which is the standard deviation of the Ca^2+^ spike period expressed as a percent of the mean.

Confocal Microscopy
-------------------

Intestines were imaged at room temperature (21--22°C) with a Plan-Neofluar 40X/1.3 N.A. oil objective lens on an LSM510-Meta confocal microscope (Carl Zeiss MicroImaging, Inc.). Fluo-4 and GFP were excited with 1--5% nominal power from the 488-nm laser line and fluorescence emission was discriminated with either a 505LP or 505-550BP filter. The confocal z-resolution was set at 1--3 microns. Dynamic range was optimized by setting the detector gain to allow the fluo-4 signal maxima to reach the maximum detector values without going off scale and the detector offset was set to zero. Images were taken at 5-s intervals. Changes in fluo-4 intensity were quantified using region-of-interest selection and thresholding criteria established using negative control background values. Image analysis was performed using MetaMorph (Universal Imaging Corp.).

Characterization of pBoc Cycle
------------------------------

Posterior body wall muscle contraction (pBoc) was monitored at room temperature (21--22°C) in 2-d-old adult worms. Worms were imaged using a Carl Zeiss MicroImaging, Inc. Stemi SV11 M^2^BIO stereo dissecting microscope (Kramer Scientific Corp.) equipped with a DAGE-MTI DC2000 CCD camera. pBoc rhythmicity in individual worms was assessed by calculating CV as described above.

Brood Assay
-----------

Brood size was quantified by transferring L4 larvae to individual plates every 24 h for 4 d at 25°C. The number of progeny on each plate was counted 1 d after eggs hatched.

RNA Interference
----------------

RNAi was induced by feeding worms bacteria producing double stranded RNA (dsRNA) to target genes ([@bib27]). In brief, cDNAs encoding regions of the target gene were obtained by PCR using an oligo dt-primed cDNA library (provided by R. Barstead, Oklahoma Medical Research Foundation, Oklahoma City, OK). cDNAs were inserted into vector pPD129.36 using KpnI and Xba1 restriction sites flanked by T7 RNA polymerase promoters. pPD128.110, a derivative of pPD129.36 containing a GFP cDNA, was used as a control in all feeding experiments. HT115(DE3) *Escherichia coli* were transformed with engineered vectors and fed to worms as described previously ([@bib27]). The location of cDNAs used for each gene studied were as follows: *itr-1,* 427--1241 bp; *egl-8*, 1853--2721 bp; *plc-1*, 325--1323 bp; *plc-3*, 1946--3018 bp; *plc-2*, 362--1447 bp; *pll-1*, 1430--2368 bp; *plc-4*, 1312--2219 bp.

Worms were fed *egl-8*, *plc-1*, *plc-2*, *plc-4*, and *pll-1* dsRNAs for two generations beginning at the L1 stage. Because *plc-3*(*RNAi*) induces sterility ([@bib53]), L1 worms were fed *plc-3* dsRNA for 48 h. *rde-1*(*ne219*) and *rde-1*(*ne219*);*kbEx200* worms were fed *egl-8*, *plc-3*, or *itr-1* dsRNA for two generations.

Construction of Transgenes and Transgenic Worms
-----------------------------------------------

Expression of *rde-1* in intestinal cells was driven by a 4-kb sequence upstream of the *nhx-2* start codon (provided by K. Nehrke, University of Rochester, Rochester, NY). This sequence was flanked by NheI and NotI restriction sites. Full-length *rde-1* genomic DNA was amplified by PCR from wild-type worm DNA using flanking primers containing NotI and SacII restriction sites. A new vector designated pXYY2004.1 was engineered from pPD95.75 (Fire Lab *C*. *elegans* Vector Kit; Addgene; <http://www.addgene.org/pgvec1?f=c&cmd=showcol&colid=1>) by cutting out the GFP coding region using HindIII and EcoRI and inserting a linker containing NheI, NotI, and SacII between these sites. The P*nhx-2*::RDE-1 vector was generated by inserting the *nhx-2* promoter and *rde-1* sequentially into pXYY2004.1. *rde-1*(*ne219*) worms were microinjected ([@bib35]) with *rol-6* as a transformation marker and P*nhx-2*::RDE-1 to generate an extrachromosomal array (*kbEx200*).

The expression pattern of *plc-3* was determined using a transcriptional GFP reporter (termed P*plc-3*::GFP). In brief, a vector designated pXYY2004.2 was engineered from pPD95.75 by inserting a NotI restriction site between existing HindIII and BamHI sites. A 4.4-kb *plc-3* genomic DNA fragment upstream of the BamHI site in exon 1 was amplified by PCR from wild-type worm DNA and inserted into pXYY2004.2 between NotI and BamHI sites. Transgenic worms were generated by microinjection as described above.

Statistical Analyses
--------------------

Data are presented as means ± SEM. Statistical significance was determined using Student\'s two-tailed *t* test or ANOVA followed by a Tukey-Kramer or Dunn multiple comparisons test. P values of \<0.05 were taken to indicate statistical significance.

RESULTS
=======

Characteristics of Intestinal Ca^2+^ Oscillations
-------------------------------------------------

The *C. elegans* digestive tract consists of a pharynx, intestine, and rectum ([Fig. 1](#fig1){ref-type="fig"} A). The pharynx is a muscular organ that pumps food into the pharyngeal lumen, grinds it up, and then moves it into the intestine. 20 epithelial cells with extensive apical microvilli form the main body of the intestine, which is ∼750 μm long in a full-grown adult worm. Intestinal epithelial cells secrete digestive enzymes, absorb nutrients, and store lipids, proteins, and carbohydrates ([@bib51]; [@bib32]; [@bib2]).

![Isolated intestine preparation. (A) Schematic diagrams of worm digestive tract and isolated intestine. (B) Differential interference contrast (DIC) and fluorescence micrographs of an isolated intestine loaded with fluo-4 AM. Bar, 20 μm. (C) DIC and fluorescence confocal micrographs (panels a and b) of an isolated intestine loaded with fluo-4 AM. Panel c is a reconstruction of a series of cross sections. Location of the cross sections is shown by the white vertical line in panel b. Bars in panels b and c are 20 μm and 2 μm, respectively.](200509355f1){#fig1}

Isolated intestines loaded readily with a number of Ca^2+^-sensitive fluorescent probes. However, probe loading was not uniform. Fluorescence intensity was considerably brighter in the apical pole of the tissue ([Fig. 1](#fig1){ref-type="fig"} B). When viewed by standard widefield fluorescence microscopy, this loading pattern gave the impression that the probe was present in the intestine lumen (e.g., [Fig. 1](#fig1){ref-type="fig"} B).

We used confocal microscopy to characterize the fluorescent probe loading pattern in more detail. [Fig. 1](#fig1){ref-type="fig"} C shows confocal fluorescence and differential interference contrast micrographs of an isolated intestine and a serial reconstruction of a fluorescence Z-series. The fluorescent probe, in this case fluo-4, is clearly present in the intestinal cells and not the intestine lumen. Probe loading is most intense in the apical pole of the cells, which consists of an extensive brush border membrane comprised of numerous microvilli (e.g., [@bib33]). The cytoplasm in the basal pole contains a dense network of fat droplets and organelles including yolk granules, endosomes, vacuoles, and lysosomes ([@bib51]; [@bib32]; [@bib2]; [@bib20]). The presence of large numbers of fat droplets and organelles most likely limits the total cytoplasm volume available for probe loading on the basal side of the intestinal epithelium. (The basal pole of the epithelium also loaded intensely with fluo-4 AM when intestines were incubated with the probe for \>15 min. However, under these conditions, we were not able to observe Ca^2+^ oscillations, presumably because of excessive Ca^2+^ buffering by fluo-4.)

Not all intestines showed Ca^2+^ oscillations. Oscillations were observed most frequently (∼40% of all intestines studied) in intestines loaded with the acetoxymethyl (AM) ester of fluo-4 (fluo-4, AM). Furthermore, we only detected oscillations in intestines left attached to the rectum and posterior end of the animal ([Fig. 1](#fig1){ref-type="fig"} A). This suggests that complete dissection of the intestine damages posterior intestinal cells that trigger Ca^2+^ oscillations or that nonintestinal cells secrete an agonist that initiates Ca^2+^ signaling in the intestinal epithelium.

[Fig. 2](#fig2){ref-type="fig"} shows the pBoc cycle in *glo-1* worms and an example of typical Ca^2+^ oscillations in an isolated *glo-1* intestine. Under control conditions, the mean Ca^2+^ oscillation period in *glo-1* animals was 49 s, which was not significantly (P \> 0.1) different from the mean pBoc period of 55 s ([Table I](#tbl1){ref-type="table"}). Both Ca^2+^ oscillations and pBoc were rhythmic, as indicated by relatively low coefficients of variance ([Table I](#tbl1){ref-type="table"}). Mean Ca^2+^ spike rise and fall times were 8 and 23 s, respectively ([Table I](#tbl1){ref-type="table"}).

![pBoc cycle and intestinal Ca^2+^ oscillations in control (*glo-1*) worms. (A) Individual pBoc cycles in six *glo-1* worms. Data are plotted on an expanded y axis scale to facilitate comparison with pBoc cycles in RNAi and mutant worms strains. (B) Intracellular Ca^2+^ oscillations in an intestine isolated from a *glo-1* worm. Images were acquired at 2- or 10-s intervals. The mean ± SEM Ca^2+^ oscillation period for this intestine was 48 ± 4 s.](200509355f2){#fig2}

###### 

Characteristics of pBoc and Intestinal Ca^2+^ Oscillations and Ca^2+^ Waves in Control Worms (glo-1) and itr-1 Mutants

  Allele   pBoc period   pBoc CV   Ca^2+^ oscillation period   Ca^2+^ oscillation CV   Ca^2+^ oscillation rise time   Ca^2+^ oscillation fall time
  -------- ------------- --------- --------------------------- ----------------------- ------------------------------ ------------------------------
           s             \%        s                           \%                      s                              s

Values are means ± SEM (*n* = number of worms or intestines). Fluorescence images were acquired at 1--10-s intervals.

P \< 0.001 compared with *glo-1* control animals.

P \< 0.002 compared with pBoc in *itr-1*(*sa73*) worms.

Calcium oscillations occurred as a Ca^2+^ wave that began in the distal end of the intestine and proceeded in a posterior-to-anterior direction. Mean Ca^2+^ wave velocity was 33 μm/s ([Table II](#tbl2){ref-type="table"}). Waves traveled 80 ± 3% (*n* = 10) of the length of the dissected intestine before terminating. Wave velocity was unaffected by rapid perfusion of the extracellular bath against the direction of wave movement (unpublished data) suggesting that wave propagation does not require a paracrine signal released from the basal side of the epithelium. Calcium oscillations continued for up to 2 h after intestines were isolated and exposed to bath perfusion and multiple solution changes.

###### 

Calcium Wave Velocity in Control Worms (N2 and glo-1) and itr-1 Mutants

  Allele   Ca^2+^ wave velocity   No. of waves observed   No. of waves with velocities too rapid to quantify
  -------- ---------------------- ----------------------- ----------------------------------------------------
           μm/s                                           

Values are means ± SEM (*n* = number of intestines; number of waves). Images were acquired at 1-s intervals.

P \< 0.05.

P \< 0.01.

P \< 0.001 compared with N2/glo-1 control animals.

Spatial Localization of Intestinal Cell Ca^2+^ Oscillations
-----------------------------------------------------------

We used confocal microscopy to determine if Ca^2+^ oscillations were polarized to apical or basal poles of intestinal cells. A confocal fluorescence micrograph of a fluo-4--loaded intestine is shown in the left panel of [Fig. 3](#fig3){ref-type="fig"} A. The focal plane of the image is located above the apical cell pole at the bottom of the intestine. Two regions of interest are outlined in this image. One region is located in the lumen over the apical membrane and the other in the basal cell pole adjacent to the brush border. Relative changes in fluo-4 intensity are shown in the right panel of [Fig. 3](#fig3){ref-type="fig"} A. Calcium oscillations were detected in the apical pole only.

![Confocal imaging of Ca^2+^ oscillations in isolated *glo-1* intestines. (A, left) Confocal micrograph of a *glo-1* intestine loaded with fluo-4 AM. Focal plane is located at the apical pole on the bottom of the intestine. Fluo-4 intensity was quantified in regions of interest outlined in red. One region is located over the apical pole of the intestine. A second region is located in the basal pole adjacent to the apical region. Bar, 10 μm. (A, right) Changes in apical and basal pole fluo-4 intensity. Calcium oscillations are detected only in the apical pole of the epithelium. Removal of extracellular Ca^2+^ induces similar reductions in fluo-4 intensity in both apical and basal poles. Similar results were obtained in two additional intestines. (B) Effect of elevation of bath Ca^2+^ on fluo-4 intensity in the basal cell pole. A region of the basal cell pole only was imaged by laser scanning. Elevation of bath Ca^2+^ to 10 mM induced a rapid rise in basal cell pole fluo-4 fluorescence intensity. Similar results were obtained in two additional intestines.](200509355f3){#fig3}

Given the nonuniform loading of fluo-4, we were concerned that reduced levels of the probe in the basal pole might lead to fluorescence changes that were too small to quantify reliably. To examine this possibility, we removed Ca^2+^ from the bath. As shown in [Fig. 3](#fig3){ref-type="fig"} A, Ca^2+^ removal induced a rapid drop in fluo-4 fluorescence. The magnitude of the drop was comparable in the apical and basal poles. Similar results were observed in two other isolated intestines.

Calcium oscillations may not be detected in the basal cell pole if fluo-4 in this region is saturated with Ca^2+^ and hence unresponsive to cytoplasmic Ca^2+^ elevation. To test this possibility, we imaged a region of the basal cell pole and monitored the effect of elevation of bath Ca^2+^ to 10 mM. As shown in [Fig. 3](#fig3){ref-type="fig"} B, the intensity of fluo-4 in the basal cell pole rapidly increased in response to bath Ca^2+^ elevation. Similar results were observed in two other isolated intestines. Taken together, data in [Fig. 3](#fig3){ref-type="fig"} demonstrate that, while fluo-4 loading is reduced in the basal pole, sufficient free probe is present to detect cytoplasmic Ca^2+^ changes. These results suggest that Ca^2+^ oscillations may be polarized to the apical pole of intestinal epithelial cells.

Intestinal Ca^2+^ Oscillations in *itr-1* Mutants
-------------------------------------------------

A single gene, *itr-1*, encodes the IP~3~R in *C. elegans* ([@bib5]; [@bib15]). As discussed previously, *itr-1* is required for maintaining normal pBoc rhythm. Consistent with the findings of others ([@bib22]; [@bib15]), we observed that the *itr-1* loss-of-function allele *sa73* prolonged pBoc cycle time approximately twofold (P \< 0.001; [Fig. 4](#fig4){ref-type="fig"} A; [Table I](#tbl1){ref-type="table"}). Mean pBoc period was 111 s and was rhythmic, as indicated by a low coefficient of variance ([Table I](#tbl1){ref-type="table"}).

![pBoc cycle and intestinal Ca^2+^ oscillations in *itr-1*(*sa73*) loss-of-function worms. (A) Individual pBoc cycles in six *itr-1*(*sa73*) worms. (B) Intracellular Ca^2+^ oscillations in an intestine isolated from an *itr-1*(*sa73*) worm. Images were acquired at 10-s intervals. The mean ± SEM Ca^2+^ oscillation period for this intestine was 314 ± 16 s.](200509355f4){#fig4}

Calcium oscillations in intestines isolated from *itr-1*(*sa73*) worms were also rhythmic and prolonged ([Fig. 4](#fig4){ref-type="fig"} B and [Table I](#tbl1){ref-type="table"}). The mean Ca^2+^ oscillation period was 271 s, which was significantly (P \< 0.001) different from that observed in control worm intestines. Both Ca^2+^ oscillation rise time ([Table I](#tbl1){ref-type="table"}; P \< 0.001) and wave velocity (P \< 0.05; [Table II](#tbl2){ref-type="table"}) were also slowed significantly compared with control animals.

Interestingly, mean Ca^2+^ oscillation period was 2.4-fold slower than the pBoc cycle (P \< 0.002; [Table I](#tbl1){ref-type="table"}). The difference between pBoc period and the Ca^2+^ oscillation period in isolated *sa73* intestines conflicts with the findings of [@bib15]. These investigators demonstrated that Ca^2+^ oscillations measured in vivo in *sa73* worms had a cycle time similar to the pBoc period.

In many cell types, the frequency of IP~3~-dependent Ca^2+^ oscillations is modulated by Ca^2+^ influx across the plasma membrane (for review see [@bib44]). Calcium entry may modulate oscillation frequency by triggering CICR via IP~3~Rs (for review see [@bib44]). The *sa73* mutation is located in the modulatory region of ITR-1 close to a putative Ca^2+^ binding domain ([@bib15]). It is conceivable that this mutation alters the sensitivity of the protein to plasma membrane Ca^2+^ entry, which is influenced by extracellular Ca^2+^ levels. Thus, the disparity between Ca^2+^ oscillation frequency observed in vivo ([@bib15]) compared with isolated *sa73* intestines could be explained by differences in Ca^2+^ entry due to differing ionic composition of *C. elegans* pseudocoelomic fluid, which is unknown, and the saline used to bathe isolated intestines. To test this, we quantified the effect of raising bath Ca^2+^ from 2 to 4 mM on Ca^2+^ oscillations. The mean ± SEM oscillation period decreased significantly (P \< 0.002) from 166 ± 8 to 62 ± 11 s (*n* = 5) when extracellular Ca^2+^ was raised to 4 mM. These results demonstrate that Ca^2+^ oscillation frequency in the intestinal epithelium is modulated by plasma membrane Ca^2+^ entry. The differences in Ca^2+^ oscillation frequency observed in vivo ([@bib15]) and in isolated *sa73* intestines are thus likely due to differences in the ionic composition of the pseudocoelomic fluid and bath saline used in our studies.

In addition to *sa73*, we also examined the effect of the *itr-1* gain-of-function alleles, *sy290* and *sy327*, on pBoc and Ca^2+^ oscillations. pBoc and Ca^2+^ periods were unaffected by either mutation ([Table I](#tbl1){ref-type="table"}). However, as shown in [Table II](#tbl2){ref-type="table"}, the velocities of Ca^2+^ waves were significantly (P \< 0.01) increased in both *sy290* and *sy327* animals. It should be stressed here that the wave velocities reported in [Table II](#tbl2){ref-type="table"} are underestimates of the true values. The velocities of 50--54% of the waves observed in intestines of these mutants were too rapid to quantify accurately with our imaging system. In contrast, the velocities of all waves detected in *sa73* animals were quantifiable and only 2 out of 30 waves could not be quantified in N2/*glo-1* control animals ([Table II](#tbl2){ref-type="table"}).

PLC-β and PLC-γ Homologues Regulate Intestinal Ca^2+^ Oscillations
------------------------------------------------------------------

IP~3~ is generated by PLC-mediated hydrolysis of the membrane lipid PIP~2~. Six predicted PLC-encoding genes are present in the *C. elegans* genome: *egl-8*, *plc-1*, *plc-2*, *plc-3*, *plc-4*, and *pll-1*. (*pll-1* is the *C*. *elegans* homologue of mammalian PLC-like proteins that are catalytically inactive \[[@bib28]; [@bib41]\]. A histidine residue critical for phospholipase activity is mutated in these proteins. The same mutation is present in PLL-1, suggesting that is also catalytically inactive.) Systemic knockdown of gene expression by RNAi can be induced in *C. elegans* simply by feeding the animals dsRNA-producing bacteria ([@bib25]; [@bib26]; [@bib45]). To identify the PLCs that regulate pBoc and intestinal Ca^2+^ oscillations, worms were fed bacteria producing dsRNA homologous to each of the six PLC-encoding genes. As shown in [Fig. 5](#fig5){ref-type="fig"}, PLC-1, PLC-2, PLC-4, and PLL-1 RNAi worms had normal pBoc cycles. In contrast, pBoc cycles in EGL-8 and PLC-3 RNAi worms were significantly (P \< 0.001) prolonged. *egl-8* and *plc-3* encode predicted PLC-β and PLC-γ homologues, respectively.

![Effect of PLC RNAi on pBoc period. Worms were fed *plc-1*, *plc-2*, *plc-4*, *pll-1*, or *egl-8* dsRNA for two generations beginning at the L1 stage. RNAi of *plc-3* induces sterility ([@bib53]). L1 worms were therefore fed *plc-3* dsRNA for 48 h before characterization of pBoc. Values are means ± SEM (*n* = 8). \*, P \< 0.001 compared with control worms.](200509355f5){#fig5}

Loss-of-function mutations in *egl-8* have been shown previously to disrupt the defecation cycle in *C. elegans* ([@bib30]). [Fig. 6](#fig6){ref-type="fig"} shows the effect of the *egl-8* loss-of-function allele, *n488*, and *plc-3*(*RNAi*) on pBoc cycles in individual worms. In addition to prolonging cycle time, loss of EGL-8 and PLC-3 activity induces striking pBoc arrhythmia. Mean ± SEM pBoc coefficients of variance for *egl-8(n488)* and *plc-3(RNAi)* worms were 38 ± 7% (*n* = 6) and 22 ± 3% (*n* = 9). These values were significantly (P \< 0.01) different from the mean ± SEM pBoc CV of 6 ± 1% (*n* = 10) observed in control animals. Worms carrying the *plc-3* deletion allele *plc-3*(*tm1340*) also exhibited a highly arrhythmic pBoc cycle (mean ± SEM CV = 53 ± 8%; *n* = 11).

![Effect of *egl-8*(*n488*) loss-of-function mutation and *plc-3*(*RNAi*) on pBoc rhythm. (A and B) Individual pBoc cycles in *egl-8*(*n488*) and *plc-3*(*RNAi*) worms. (C and D) pBoc cycles in individual *egl-8*(*n488*) worms fed *plc-3* dsRNA.](200509355f6){#fig6}

Data in [Fig. 6](#fig6){ref-type="fig"} (A and B) indicate that EGL-8 and PLC-3 both function to maintain a normal pBoc cycle. To determine whether the activities of EGL-8 and PLC-3 are additive, we fed *egl-8*(*n488*) mutant worms *plc-3* dsRNA. [Fig. 6](#fig6){ref-type="fig"} C shows pBoc cycles measured over a 20-min period in six *egl-8(n488);plc-3*(*RNAi*) worms. The phenotype of these worms was considerably more severe than that observed in either *egl-8*(*n488*) or *plc-3*(*RNAi*) animals (compare [Fig. 6, A and B](#fig6){ref-type="fig"}). pBoc was not detected in two of the *egl-8*(*n488*);*plc-3*(*RNAi*) worms, three of the worms showed one to four pBocs, and one worm exhibited a continuous but highly arrhythmic cycle. The number of pBocs observed in each worm over the 20-min recording period is summarized in [Fig. 6](#fig6){ref-type="fig"} D. Taken together, the results in [Fig. 6](#fig6){ref-type="fig"} demonstrate that pBoc is regulated by both EGL-8 and PLC-3 and that the functions of the two proteins are additive.

[Fig. 7](#fig7){ref-type="fig"} shows examples of Ca^2+^ oscillations observed in intestines isolated from *egl-8*(*n488*) or *plc-3*(*RNAi*) worms. Like pBoc ([Figs. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}), loss of EGL-8 or PLC-3 activity gave rise to Ca^2+^ oscillation periods that were highly arrhythmic. Calcium oscillations in intestines from *egl-8*(*RNAi*) worms showed similar arrhythmia (unpublished data). Mean ± SEM Ca^2+^ oscillation coefficients of variance were 48 ± 11% (*n* = 7) (coefficients of variance for Ca^2+^ oscillations in *egl-8*(*n488*) and *egl-8*(*RNAi*) worms were not significantly different and were therefore averaged together) and 54 ± 11% (*n* = 6) for EGL-8 and PLC-3 loss-of-function animals, respectively. These coefficients of variance were significantly (P \< 0.01) different from the mean CV of 16% for Ca^2+^ oscillations observed in intestines of control worms ([Table I](#tbl1){ref-type="table"}). The mean ± SEM Ca^2+^ oscillation CV observed in *plc-3*(*tm1340*) worms was 36 ± 4% (*n* = 4) and was not significantly (P \> 0.2) different from that of *plc-3*(*RNAi*) animals. Consistent with the severe disruption of pBoc induced by combined loss of EGL-8 and PLC-3 function ([Fig. 6, C and D](#fig6){ref-type="fig"}), we were unable to detect Ca^2+^ oscillations in 40 intestines isolated from *egl-8*(*n488*);*plc-3*(*RNAi*) worms.

![Calcium oscillations in single intestines isolated from an (A) *egl-8*(*n488*) loss-of-function or a (B) *plc-3*(*RNAi*) worm. Images were acquired at 10-s intervals.](200509355f7){#fig7}

PLC-3 Is Expressed in the Intestine
-----------------------------------

Previous studies have demonstrated that EGL-8 is expressed in the intestine ([@bib30]; [@bib36]) and is apparently localized to the apical pole of intestinal epithelial cells ([@bib36]). To determine if PLC-3 is expressed in the gut, we generated transgenic worms expressing a *plc-3*::GFP transcriptional reporter. As shown in [Fig. 8](#fig8){ref-type="fig"}, P*plc-3*::GFP was expressed throughout the intestine.

![Confocal fluorescence micrograph of an adult worm showing P*plc-3*::GFP expression in the intestine. Strong expression of P*plc-3*::GFP was also detected in the spermatheca and gonadal sheath as described previously ([@bib53]; arrows) and the isthmus of the pharynx (arrowhead). Similar observations were made in two independent worms strains. Bar, 50 μm.](200509355f8){#fig8}

EGL-8, PLC-3, and ITR-1 Function in the Intestinal Epithelium
-------------------------------------------------------------

Because it was necessary to leave the posterior end of the animal attached to the intestine ([Fig. 1](#fig1){ref-type="fig"} A), it is conceivable that EGL-8, PLC-3, and/or ITR-1 function in a nonintestinal cell type to regulate Ca^2+^ oscillations. To address this issue, we exploited the *rde-1*(*ne219*) mutation. *rde-1* (RNAi defective) encodes a protein involved in translation initiation ([@bib47]; [@bib18]) and *rde-1* loss-of-function mutants are strongly resistant to RNAi induced by dsRNA injection, feeding, or expression ([@bib47]). We selectively rescued *rde-1* in the intestinal epithelium by generating transgenic worms expressing wild-type *rde-1* under the control of the promoter for *nhx-2*. *nhx-2* encodes an intestine-specific Na^+^/H^+^ exchanger, and the *nhx-2* promoter has been used previously to drive GFP transgene expression selectively in the gut ([@bib39]; [@bib38]).

The results of these studies are shown in [Table III](#tbl3){ref-type="table"}. pBoc rhythm was normal in *rde-1*(*ne219*) mutants fed *plc-3* dsRNA, consistent with the defective RNAi response of these worms. In contrast, pBoc was highly arrhythmic in *rde-1*(*ne219*);*kbEx200* rescued worms fed *plc-3* or *egl-8* dsRNA. pBoc was also disrupted in *rde-1*(*ne219*);*kbEx200;itr-1*(*RNAi*) worms.

###### 

Characteristics of pBoc and Intestinal Ca^2+^ Oscillations in rde-1(ne219) and rde-1(ne219);kbEx200 Worms

  Experiment   Brood size     pBoc period   pBoc CV   Ca^2+^ oscillation period   Ca^2+^ oscillation CV
  ------------ -------------- ------------- --------- --------------------------- -----------------------
               no. eggs/4 d   s             \%        s                           \%

Values are means ± SEM (*n* = number of worms or intestines). Fluorescence images were acquired at 5-s intervals.

P \< 0.01 compared with *rde-1*(*ne219*);*kbEx200* control worms.

P \< 0.001 compared with *rde-1*(*ne219*);*kbEx200* control worms, unfed *rde-1*(*ne219*) worms, or *rde-1*(*ne219*) worms fed *plc-3* dsRNA.

pBoc was analyzed in six *rde-1*(*ne219*);*kbEx200*; *itr-1*(*RNAi*) worms. No pBocs were detected in four of the worms during a 20-min observation period. The remaining two worms had relatively normal pBoc cycles. This variability may reflect the presence of mosaicism (e.g., [@bib54]) and/or an incompletely penetrant RNAi effect.

To assess the selectively of the rescue, we monitored brood size. PLC-3 is required for fertility and *plc-3*(*RNAi*) worms are sterile ([@bib53]). As shown in [Table III](#tbl3){ref-type="table"}, brood size was not significantly (P \> 0.05) different in unfed or *plc-3* dsRNA-fed *rde-1*(*ne219*) or *rde-1*(*ne219*);*kbEx200* worms. These results indicate that *rde-1* has been rescued selectively in the intestine.

[Table III](#tbl3){ref-type="table"} also shows data for Ca^2+^ oscillations in *rde-1* rescued worms. *rde-1*(*ne219*);*kbEx200* worms exhibited rhythmic Ca^2+^ oscillations, as evidenced by a low coefficient of variance. However, Ca^2+^ oscillations were arrhythmic in rescued worms fed *plc-3* or *egl-8* dsRNA. Coefficients of variance were significantly (P \< 0.001) greater in *rde-1*(*ne219*);*kbEx200*;*plc-3*(*RNAi*) and *rde-1*(*ne219*);*kbEx200*;*egl-8*(*RNAi*) worms compared with unfed controls. Taken together, the results in [Table III](#tbl3){ref-type="table"} indicate that EGL-8, PLC-3, and ITR-1 function within the intestinal epithelium to control Ca^2+^ oscillations and pBoc.

EGL-8 and PLC-3 Function in Separate Signaling Pathways
-------------------------------------------------------

The additive effect of loss of EGL-8 and PLC-3 activity on both pBoc and intestinal Ca^2+^ oscillations implies that the two enzymes function in separate signaling pathways. However, it is unclear whether the proteins function to coregulate intracellular Ca^2+^ release via ITR-1. We performed epistasis analysis ([@bib3]) to determine if EGL-8 and PLC-3 function upstream of ITR-1. Epistasis analysis compares the phenotype of an organism carrying mutations in two separate genes to the phenotype induced by a mutation in a single gene. The ability of one gene mutation to alter the phenotype induced by another mutant gene suggests that the two genes interact in a common pathway ([@bib3]).

Gain-of-function mutations in *itr-1* suppress phenotypes induced by loss of activity in upstream signaling components such as agonists and their receptors, and PLCs ([@bib13]; [@bib9]; [@bib29]; [@bib53]). We fed *itr-1*(*sy327*) gain-of-function worms either *egl-8* or *plc-3* dsRNA and monitored pBoc rhythmicity. As shown in [Fig. 9](#fig9){ref-type="fig"}, *itr-1*(*sy327*) fully suppressed the pBoc arrhythmia induced by RNAi of *plc-3*, but had no effect on *egl-8(RNAi*)-induced arrhythmia.

![Effect of mutations in ITR-1, the IP~3~ kinase LFE-2, and the IP~3~ phosphatase IPP-5 on pBoc arrhythmia (quantified as coefficients of variance) induced by RNAi-mediated loss of EGL-8 or PLC-3 activity. *lfe-2*(*sy326*) and *ipp-5*(*sy605*) loss-of-function and *itr-1*(*sy327*) gain-of-function mutant worms were fed either *plc-3* or *egl-8* dsRNA. *itr-1*, *lfe-2*, and *ipp-5* mutations fully suppress arrhythmia induced by *plc-3* RNAi (see [Fig. 5](#fig5){ref-type="fig"} B). Values are means ± SEM (*n* = 6--9). 10 pBoc cycles were measured for each worm. \*\*, P \< 0.001 compared with *lfe-2* or *lfe-2;plc-3*(*RNAi*). \*, P \< 0.05 compared with *ipp-5* or *ipp-5;plc-3*(*RNAi*). ^†^, P \< 0.001 compared with *sy327* or *sy327-2;plc-3*(*RNAi*).](200509355f9){#fig9}

*lfe-2* and *ipp-5* encode an IP~3~ kinase and phosphatase, respectively ([@bib13]; [@bib9]). Loss-of-function mutations in these genes can suppress phenotypes induced by loss of PLC activity ([@bib29]), presumably by preventing IP~3~ conversion into IP~4~ or IP~2~ and thereby elevating intracellular IP~3~ levels. We fed *lfe-2*(*sy326*) and *ipp-5*(*sy605*) loss-of-function worms *egl-8* or *plc-3* dsRNA. *lfe-2*(*sy326*) and *ipp-5*(*sy605*) fully suppressed *plc-3* dsRNA-induced arrhythmia, but had no effect on the pBoc arrhythmia induced by loss of EGL-8 activity ([Fig. 9](#fig9){ref-type="fig"}).

[Fig. 10](#fig10){ref-type="fig"} A shows examples of Ca^2+^ oscillations in intestines isolated from *itr-1*(*sy327*);*plc-3*(*RNAi*) and *itr-1*(*sy327*);*egl-8*(*RNAi*) worms. *itr-1*(*sy327*) suppressed the Ca^2+^ oscillation arrhythmia induced by RNAi of *plc-3* but had no effect on *egl-8*(*RNAi*). The mean CV for Ca^2+^ oscillations in *itr-1*(*sy327*);*plc-3*(*RNAi*) worms was not significantly (P \> 0.05) different from that observed in either control *glo-1* animals or *itr-1*(*sy327*) mutants ([Fig. 10](#fig10){ref-type="fig"} B). In contrast, mean CV for *itr-1*(*sy327*);*egl-8*(*RNAi*) worms was 47% ([Fig. 10](#fig10){ref-type="fig"} B), which was significantly (P \< 0.001) greater than control animals. Taken together, the data in [Figs. 9](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"} indicate that PLC-3 functions to generate IP~3~ that regulates Ca^2+^ release from intracellular stores via ITR-1. EGL-8 in contrast appears to function in a separate signaling pathway required for maintaining rhythmic Ca^2+^ oscillations.

![Effect of *itr-1*(*sy327*) gain-of-function mutation on Ca^2+^ oscillation arrhythmia induced by RNAi-mediated loss of EGL-8 or PLC-3 activity. (A) Calcium oscillations in intestines isolated from a *itr-1*(*sy327*);*plc-3*(*RNAi*) and *itr-1*(*sy327*);*egl-8*(*RNAi*) worm. Oscillations are largely normal in the *itr-1*(*sy327*);*plc-3*(*RNAi*) intestine, but arrhythmic in the intestine isolated from an *itr-1*(*sy327*);*egl-8*(*RNAi*) worm. (B) Coefficients of variance for Ca^2+^ oscillations observed in intestines from *glo-1*, *itr-1*(*sy327*), *itr-1*(*sy327*);*plc-3*(*RNAi*) and *itr-1*(*sy327*);*egl-8*(*RNAi*) worms. *itr-1*(*sy327*) suppresses Ca^2+^ oscillation arrhythmia induced by RNAi of *plc-3*, but not arrhythmia induced by *egl-8*(*RNAi*). Values are means + SEM (*n* = 4--7). \*, P \< 0.001 compared with *glo-1* and *itr-1*(*sy327*). \*\*, P \< 0.01 compared with *itr-1*(*sy327*);*plc-3*(*RNAi*).](200509355f10){#fig10}

In the *C. elegans* nervous system, EGL-8 generates diacylglycerol (DAG) that regulates neurotransmission ([@bib30]; [@bib36]). *egl-8* loss-of-function mutations are suppressed by exposure to phorbol esters ([@bib30]; [@bib36]) and loss-of-function mutation in *dgk-1*, which encodes a diacylglycerol kinase that converts DAG into phosphatidic acid ([@bib36]). To determine whether EGL-8--mediated DAG signaling regulates intestinal Ca^2+^ signaling, we treated *egl-8*(*n488*) worms for 3 h with 0.1 μM of the phorbol ester PMA. In addition, we characterized the effect of *egl-8* RNAi on worms harboring deletion mutations in *dgk-1* and the two other predicted *C. elegans* DAG kinase-encoding genes, *dgk-2* and *dgk-3*.

The pBoc arrhythmia induced by the *egl-8 n488* loss-of-function mutation was not suppressed by PMA. Coefficients of variance were not significantly (P \> 0.4) different in control and PMA-treated *egl-8*(*n488*) worms ([Tables II](#tbl2){ref-type="table"} and [IV](#tbl4){ref-type="table"}). Deletion mutations in *dgk-1*, *dgk-2*, and *dgk-3* also failed to suppress the pBoc arrhythmia in *egl-8*(*RNAi*) animals ([Table IV](#tbl4){ref-type="table"}). Taken together, data in [Table IV](#tbl4){ref-type="table"} suggest that EGL-8--generated DAG does not play a significant role in regulating intestinal Ca^2+^ oscillations.

###### 

Effect of PMA and Loss of Diacylglycerol Kinase Activity on egl-8(n488)- or egl-8(RNAi)-induced pBoc Arrhythmia

  Experiment                                                             pBoc coefficient of variance (%)
  ---------------------------------------------------------------------- --------------------------------------------
  *egl-8*(*n488*) exposed to 0.1 μM PMA[a](#tfn9){ref-type="table-fn"}    48 ± 8 (6)
  *egl-8*(*RNAi*)                                                         39 ± 5 (6)
  *dgk-1*(*sy428*)                                                        12 ± 2 (5)
  *egl-8*(*RNAi*);*dgk-1*(*sy428*)                                        57 ± 7 (5)
  *dgk-2*(*gk124*)                                                        7 ± 2 (6)
  *egl-8*(*RNAi*);*dgk-2*(*gk124*)                                        30 ± 4 (6)
  *dgk-3*(*gk110*)                                                       14 ± 4[b](#tfn10){ref-type="table-fn"} (6)
  *egl-8*(*RNAi*);*dgk-3*(*gk110*)                                       29 ± 7 (6)

The frequency of pBoc in *egl-8*(*n488*) worms exposed to PMA was severely reduced. pBoc rhythm was therefore quantified over a fixed 20-min observation period. In the six worms examined, two to nine pBocs were detected. For all other worms, pBoc rhythm was quantified over 10 cycles. Values are means ± SEM (*n* = number of worms).

P \< 0.05 compared with N2/*glo-1* control animals.

DISCUSSION
==========

*C. elegans* provides a powerful model system in which to define the genes and molecular mechanisms underlying fundamental biological processes, such as oscillatory Ca^2+^ signaling. We describe here a novel isolated intestine preparation that allows physiological access to the intestinal epithelium and characterization of intracellular Ca^2+^ oscillations in wild-type, mutant, and transgenic worms as well as worms in which gene expression has been disrupted selectively by RNAi.

Isolated intestines exhibit spontaneous Ca^2+^ oscillations (e.g., [Fig. 2](#fig2){ref-type="fig"}). Oscillations were only observed in intestines left attached to the rectum and posterior end of the animal ([Fig. 1](#fig1){ref-type="fig"} A), suggesting that oscillations may be triggered by a factor secreted from an unidentified posterior cell type. Alternatively, a pacemaker cell analogous to the interstitial cells of Cajal that regulate rhythmic smooth muscle contraction in the mammalian gut ([@bib10]) could be located in or adjacent to the posterior end of the intestine and may be responsible for triggering anterior moving Ca^2+^ waves and oscillations.

Our confocal microscopy studies suggest that Ca^2+^ oscillations are localized to the apical pole of the intestine ([Fig. 3](#fig3){ref-type="fig"}). Polarized Ca^2+^ signaling has been observed in numerous epithelial cells types ([@bib1]). In exocrine glands for example, Ca^2+^ signals are localized to the apical cell pole where fluid and exocytotic secretion occur ([@bib1]).

[@bib15] proposed that intestinal Ca^2+^ oscillations induce secretion of a factor at the basal cell pole that induces contraction of the posterior body wall muscles. While speculative, this model raises interesting questions when viewed within the context of our findings. Specifically, how is the apical Ca^2+^ signal propagated to the basal cell pole? It is possible that a Ca^2+^ signal at the basolateral cell membrane that is undetectable in our imaging systems regulates secretion of the putative contraction factor. Alternatively, signal propagation could be mediated by apical-to-basal diffusion of second messengers and/or translocation of signaling proteins. Additional genetic and physiological studies are required to determine how intestinal Ca^2+^ oscillations are triggered and how apical Ca^2+^ oscillations induce contraction of posterior body wall muscles.

The isolated intestine preparation in combination with primary cell culture methods developed previously by us ([@bib12]) allows physiological characterization of both intracellular Ca^2+^ signals as well as ion channel activity that participates in Ca^2+^ signaling events ([@bib16]; [@bib17]). A unique aspect of *C. elegans* is the ability to combine these physiological approaches with powerful forward and reverse genetic screening methods. pBoc is an easily observable and quantifiable behavior that is controlled by intestinal Ca^2+^ oscillations. Mutagenesis and RNAi screens of pBoc thus allow identification of the genes, gene networks, and molecular mechanisms that underlie intestinal Ca^2+^ oscillations and waves.

RNAi feeding screens of the six *C. elegans* predicted PLC-encoding genes demonstrated that EGL-8 and PLC-3, which are homologues of PLC-β and PLC-γ, respectively, function additively in regulating pBoc and intestinal Ca^2+^ signaling ([Figs. 5](#fig5){ref-type="fig"}--[7](#fig7){ref-type="fig"}). Epistasis analysis indicated that PLC-3 functions primarily to regulate intracellular Ca^2+^ release via generation of IP~3~ ([Figs. 9](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}). The pBoc phenotype ([Figs. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}) induced by loss of PLC-3 activity is similar to that described by [@bib50]. These investigators overexpressed the IP~3~ binding domain of ITR-1, a protein they termed "IP~3~ sponge," in the worm intestine and observed a doubling of the pBoc period and a striking decrease in pBoc rhythmicity. Like loss of PLC-3 activity, overexpression of the IP~3~ sponge is expected to decrease cellular IP~3~ levels and disrupt intestinal Ca^2+^ signaling.

In contrast to PLC-3, the pBoc and Ca^2+^ oscillation arrhythmia induced by loss of EGL-8 function was not suppressed by a gain-of-function mutation in ITR-1 or loss-of-function mutations in the IP~3~ kinase or IP~3~ phosphatase ([Figs. 9](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}). These results suggest that IP~3~ generated by EGL-8 does not play a significant role in regulating intracellular Ca^2+^ release. EGL-8 may be localized to a cellular microdomain less accessible to ITR-1 compared with PLC-3 and/or where IP~3~ is rapidly converted to other lipid metabolites. It is also possible that the rate of IP~3~ production by EGL-8 may be slow relative to that of PLC-3.

Deletion mutations in either of the three predicted *C. elegans* DAG kinase-encoding genes or treatment of worms with phorbol ester have no suppressing effect on the pBoc arrhythmia induced by loss of EGL-8 activity ([Table IV](#tbl4){ref-type="table"}). These results suggest that DAG generated by EGL-8 may therefore not play a significant role in regulating intestinal Ca^2+^ signaling events. EGL-8 could function primarily to regulate PIP~2~ signaling and/or DAG generated by EGL-8 could be metabolized to other signaling molecules such as phosphatidic acid and polyunsaturated fatty acids. PIP~2~ and DAG metabolites have been shown to regulate several types of ion channels that could mediate or control plasma membrane Ca^2+^ entry required for intracellular Ca^2+^ signaling events (e.g., [@bib48]; [@bib19]; [@bib31]; [@bib11]). In addition, PIP~2~ has been shown to regulate the activity of plasma membrane Ca^2+^ pumps and Na^+^/Ca^2+^ exchangers ([@bib21]) that play essential roles in maintaining low resting cytoplasmic Ca^2+^ levels.

EGL-8 could also function as GTPase activating protein. PLC-β was shown recently to stimulate GTP hydrolysis and G protein signal termination ([@bib37]; [@bib14]). Regulation of G protein signaling by EGL-8 could control a variety of cellular functions, including plasma membrane ion channel activity ([@bib52]) and IP~3~R gating (e.g., [@bib55]), that in turn control intestinal Ca^2+^ signaling events. Ongoing genetic analysis suggests that G protein signaling plays a role in regulating oscillatory Ca^2+^ signaling in the intestine ([@bib40]; unpublished data).

Random mutagenesis screening and forward genetic analysis provides an unbiased approach for the identification of genes underlying a given phenotype. In addition, forward genetics allows the ordering of genes into pathways and can provide unique insights into protein structure/function ([@bib24]). Mutagenesis screening of reproduction in *C. elegans* has created a wealth of mutants for the study of IP~3~ signaling. Consistent with the findings of [@bib15], we observed that pBoc and Ca^2+^ oscillation period are prolonged in mutant worms expressing the *itr-1* loss-of-function allele *sa73* ([Fig. 4](#fig4){ref-type="fig"}). Importantly, both pBoc and Ca^2+^ oscillations remain rhythmic in *sa73* animals as evidenced by low coefficients of variance ([Table I](#tbl1){ref-type="table"}). With few exceptions, we have observed that disruption of numerous other genes that function in intestinal Ca^2+^ signaling, including *plc-3* and *egl-8* (e.g., [Fig. 6](#fig6){ref-type="fig"}), induces pBoc and Ca^2+^ oscillation arrhythmia.

The *sa73* mutation substitutes tyrosine for cysteine at amino acid residue 1525 ([@bib15]). This mutation lies close to a putative Ca^2+^ binding domain, suggesting that the increased Ca^2+^ oscillation period in *sa73* worms may be due to reduced ITR-1 Ca^2+^ sensitivity with subsequent reduction in the rate of channel activation, as suggested previously by [@bib15]. Consistent with this idea, we observed that elevating extracellular Ca^2+^ from 2 to 4 mM, which presumably increases Ca^2+^ influx and cytoplasmic Ca^2+^ levels, decreases Ca^2+^ oscillation period in *sa73* intestines by \>2.5-fold.

The *itr-1* gain-of-function alleles *sy290* and *sy327* have no effect on pBoc or Ca^2+^ oscillation period ([Table I](#tbl1){ref-type="table"}). However, both mutations cause a striking increase in the velocity of the posterior-to-anterior Ca^2+^ wave ([Table II](#tbl2){ref-type="table"}). *sy290* is an arginine to cysteine substitution at residue 511, which is located in the IP~3~ binding domain ([@bib13]). This mutation increases the in vitro binding affinity for IP~3~ approximately twofold ([@bib50]). *sy327* substitutes leucine 899 with phenylalanine in a putative Ca^2+^ binding domain (unpublished data).

How *sy290* and *sy327* affect ITR-1 gating is unknown. Also unknown is how these mutations increase Ca^2+^ wave velocity but have no effect on Ca^2+^ oscillation frequency. Gain-of-function is solely a genetic definition that implies no underlying biophysical mechanism. *sy290* and *sy327* were isolated as dominant mutations that suppress or "rescue" the phenotype induced by loss-of-function mutations in upstream IP~3~ signaling components ([@bib13]). An important determinant of the frequency of Ca^2+^ oscillations in *C. elegans* intestinal cells may be the time it takes ITR-1 to recover from inhibition induced by elevated cytosolic Ca^2+^ levels (e.g., [@bib49]). *sy290* and *sy327* may have no effect on this recovery process and therefore no effect on oscillation frequency.

One mechanisms by which Ca^2+^ waves are thought to be propagated between cells is by diffusion of IP~3~ and/or Ca^2+^ through gap junctions ([@bib6]; [@bib43]). The *sy290* and *sy327* mutations may increase Ca^2+^ wave velocity by increasing the IP~3~ and Ca^2+^ sensitivity of ITR-1. By increasing IP~3~ and Ca^2+^ sensitivity, less time would be required for diffusion to elevate local IP~3~ and/or Ca^2+^ concentrations to levels sufficient for channel activation. Patch clamp analysis of heterologously expressed mutant and wild-type *C. elegans* ITR-1 using methods described by Foskett and coworkers ([@bib7]) should allow detailed characterization of channel biophysical properties and correlation with intestinal Ca^2+^ oscillations and waves. The relative ease and economy of creating transgenic worms also makes it feasible to characterize intestinal Ca^2+^ signaling in animals expressing mutant IP~3~Rs that have been engineered with specific gating and regulatory properties.

In conclusion, we have demonstrated for the first time that the isolated *C. elegans* intestine generates spontaneous rhythmic Ca^2+^ oscillations. Oscillatory Ca^2+^ signaling in vitro is regulated by the IP~3~R ITR-1 and by the combined function of the PLC-γ and PLC-β homologues PLC-3 and EGL-8. PLC-3 functions primarily to generate IP~3~ and regulate ITR-1 activity, whereas EGL-8 may function to regulate PIP~2~ levels and/or G protein signaling. The combination of physiological analysis of Ca^2+^ signaling events in the isolated intestine and ion channel activity in cultured intestinal cells ([@bib16]; [@bib17]) with molecular biology and forward and reverse genetic analyses of pBoc provides a unique opportunity for elucidation of the gene networks and molecular mechanisms underlying oscillatory Ca^2+^ signaling in nonexcitable cells.
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